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We recently described human endocrine gland-derived vas- 
cular endothelial growth factor (EG-VEGF) as an endothelial 
cell mitogen with a novel selective activity and an expression 
pattern essentially limited to steroidogenic glands. Herein we 
present the identification and characterization of the mouse 
ortholog. The mouse cDNA and predicted amino acid se- 
quences are, respectively, 86% and 88% identical with the hu- 
man. Surprisingly, the mouse EG-VEGF transcript is predom- 
inantly expressed in liver and kidney. A comparison of human 
and mouse EG-VEGF promoter sequences revealed a potential 
binding site for NR5A1, which is known to be a pivotal element 
for steroidogenic-specific transcription, in the human but not 


mouse promoter. In situ hybridization studies localized ex- 
pression of mouse EG-VEGF mRNA to hepatocytes and renal 
tubule cells. Interestingly, capillary endothelial cells in these 
sites share several common structural features with those 
found in steroidogenic glands. Within liver and kidney, EG- 
VEGF receptor expression was largely restricted to endothe- 
lial cells. Mouse EG-VEGF promoted proliferation and sur- 
vival of endothelial cells. We propose that mouse EG-VEGF, 
like human EG-VEGF, plays a role in regulating the phenotype 
and growth properties of endothelial cells within distinct cap- 
illary beds. (Endocrinology 144: 260G-2616, 2003) 


ANGIOGENESIS IS A COMPLEX process, initially re- 
sponsible for pruning and reorganizing the primitive 
capillary plexus of the developing embryo (1). In the adult, 
angiogenesis is restricted to and required for reproductive 
function and wound healing. Several angiogenic factors with 
otherwise pleiotropic activities have been reported including 
hepatocyte growth factor, the acidic and basic fibroblast 
growth factors, and 1L-8 (2). The requirements for the en- 
dothelial cell-specific angiogenic factors vascular endothelial 
growth factor (VEGF; Refs. 3 and 4) and the angiopoietins (5, 
6), and their cognate receptors (7-9), were demonstrated in 
a series of genetic studies in the mouse. Although VEGF and 
the angiopoietin molecules are essentially selective for en- 
dothelial cells, they are widely expressed. Therefore, it has 
been difficult to reconcile endothelial cell phenotypic diver- 
sity with the action of these ubiquitous factors. Although the 
molecular nature of tissue-specific factors shaping these 
characteristics has been undefined, presumably a complex 
network of secreted or cellular factors function as determi- 
nants. Moreover, that tissue capillaries are distinct and these 
cells express unique vascular addresses has given rise to new 


Abbreviations: aa, Amino acids; ACE, adrenal cortex capillary en- 
dothelial; BAG, bacterial artificial chromosome; C/EBP, CCA At en- 
hancer binding protein; EG-VEGF, endocrine gland-derived vascular 
endothelial growth factor; EG-VEGFR-1, EG-VEGF receptor 1; EC- 
VECFR-2, EG-VEGF receptor 2; FCS, fetal calf serum; HBSS, Hanks- 
balanced salt solution; hEG-VEGF, human EG-VEGF; LSEC, liver sinu- 
soidal endothelial cells; m EG-VEGF, mouse EG-VEGF; SF, steroidogenic 
factor; VPRA, venom protein A. 


approaches aimed at targeting tissues, via capillary-selective 
antigens (10, 11). 

We reported previously the identification of a novel hu- 
man endothelial cell mitogen, designated endocrine gland- 
derived VEGF (EG-VEGF; Ref. 12). Human EG-VEGF (hEG- 
VEGF) mRNA expression is restricted to steroidogenic cells, 
and EG-VEGF is an endothelial cell mitogen selective for 
endocrine gland endothelium (12). 

EG-VEGF is a member of a structurally related class of 
peptides including the digestive enzyme colipase, the Xcno- 
ptts head-organizer, dickkopf (13); venom protein A (VPRA; 
Ref. 14); or mamba intestinal toxin-1 (15), a nontoxic com- 
ponent of Dcndvoaspis polylepis polylepis venom; and the se- 
creted protein from Bombina voriegata, designated Bv8 (16). 
The distinguishing structural motif is a colipase-fold, 10- 
cysteine residues that form 5 disulfide bridges within a con- 
served span (17). EG-VEGF (80% homologous to VPRA) and 
VPRA are most closely related (83 and 79% homology) to the 
Bv8 peptide. Mammalian orthologs of Bv8 (Ref. 18; also 
known as prokineticin-2, Ref. 19) have been recently de- 
scribed and several activities for these proteins have been 
reported, including effects on neuronal survival (20), gas- 
trointestinal smooth muscle contraction (19), and circadian 
locomotor rhythm (21). We recently demonstrated that de- 
livery of Bv8 or EG-VEGF in the testis elicits an indistin- 
guishable angiogenic response (22). Recently, two cognate G 
protein-coupled receptors for EG-VEGF and Bv8 have been 
identified (23, 24). These proteins are 80-90% identical and 
belong to the neuropeptide Y receptor family. 

To further characterize the function and biology of EG- 


2606 


Downloaded from endo.endojournals.org on January 10, 2006 


LoCoulcr i-t at. • The Mouse EG-VEGF Ortholog 

VEGF, we cloned the mouse ortholog and examined its ex- 
pression and activity. Although the predicted mature EG- 
VEGF peptide is 88% identical with the human sequence, a 
striking difference exists in this molecule's expression pat- 
tern, being predominantly expressed in the kidney and liver. 
These genes are syntenic and the gene organization is con- 
served, although the promoter sequences have diverged re- 
flecting unique transcriptional regulation. Recombinant 
mouse EG-VEGF (mEG-VEGF) promoted the growth and 
survival of primary mouse liver sinusoidal endothelial cells 
(LSEC) as wells as bovine adrenal cortex endothelial cells. 
Therefore, although mEG-VEGF is expressed at distinct tis- 
sue sites relative to the human ortholog, the biological ac- 
tivities appear to be analogous, due to the selective coex- 
pression of an EG-VEGF receptor in the vascular 
endothelium. 

Materials and Methods 

Mouse EG-VEGF cDNA and gene cloning 

An expressed sequence tag (GenBank accession no. BG9730410) de- 
rived from mouse kidney, highly related to human EG-VEGF, was 
identified in the public database. This fragment was amplified from a 
mouse kidney cDNA library and subsequently used as a probe for 
isolating the full-length cDNA. For colony hybridizations, 50 ng of the 
fragment corresponding to the expressed sequence tag served as the 
template for the random priming reaction, Rediprime II with SO /mCi of 
n :i2 P-deoxy-CTP. The probe was hybridized to the library filters in 
hybridization solution (5X Denhardt's reagent, 50 mM sodium phos- 
phate, 250 fig/ ml sheared herring sperm DNA, 6x saline sodium citrate, 
and 0.5% sodium dodecyl sulfate), washed at 68 C with 0.2 X saline 
sodium citrate and 0.1% sodium dodecyl sulfate for 30 min and exposed 
to Kodak (Rochester, NY) XAR film for 1-16 h. 

Primers to amplify the predicted exon 2 were used to identify bac- 
terial artificial chromosome (BAC) clones from the Research Genetics, 
Inc. (Huntsville, AL) Svl29J library. All mouse cDNA and genomic 
clones were sequenced in their entirety. Mouse promoter sequence 
matches GenBank accession no. NW000200.1 . hEG-VEGF gene sequence 
was obtained from GenBank (accession no. NT-019273) and compared 
with Celera data. Promoter analysisof the human and mouse sequences 
was performed using the alignment and search resources (Genentech, 
Inc.). For chromosomal assignments, the mouse gene was mapped to 
chromosome 3 using National Center for Biotechnology Information 
data, and EG-VEGF and known flanking genes on chromosome 1 pi 3.1 
(Locus Link) were compared with the mouse syntenic data. 

Expression analyses 

For Northern blot analysis, the probe (the full-length coding region) 
ivo> hybridized to the mouse tissue blot (CLONTECH Laboratories, Inc., 
Palo Alto, C A) as described above. Total RNA was isolated from mouse 
liver, ovarv, prostate, purified hepatocytes, liver, and kidney endothelial 
cells using the RNeasv kit according to the manufacturer's instructions. 
Taqinan or real-time RT-PCR analysis was performed as previously 
described (12). Briefly, 50 ng of total RNA was used in each reaction. 
Mouse ovarv or liver sample was used to generate standard curves, and 
all data were normalized to the mouse glyceraldehyde-3-phosphatc 
dehydrogenase transcript level, therefore resulting in a relative tran- 
script level. Primer and probe sequences used are as follows: mEG- 
VEGF: forward 5'-TCACGAAACGCCAACACCAT, reverse 5'-CCCC- 
CAACCTGGACCAC; probe FAM-CCTCTCCCTCCTCACCCACC- 
CTG-TAMRA; mBv8: forward CGCACGATGCACCACACC, reverse 
CCGCTTCAAACAAGTCCTTAAACA, probe FAM-CCCCTCCCTCC- 
CACCCTTCC-TAMRA; mVEGF: forward TTCACCTACTCTCATGC- 
TAAACC, reverse TCACTCAACTCCCGAATCAC, probe FAM-ACA 
TITCCATCCAATGCCGGCT-TAMRA; mEG-VEGF/ Bv8R-'l : forward 
C A GCGC AC ATG A AG ACTTG , reverse CTCATCTTCCCTTTCCT- 
CAGT, probe FAM-TCCAGGCAGCACCCCTGATG-TAMRA; m EG- 
VEGF/ Bv8R-2: forward CAACTCCACCTC ACCCCA, reverse GGC- 
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TCCCATCTTCATCATCCT, probe FAM-CTCCCTGATACACACCA- 
GCCCACCTG-TAMRA; mouse glyceraldehyde-3-phosphate dehydro- 
genase: forward ATCTTCCACTATGACTCCACTCACC, reverse C A A- 
CACACCACTACACTCCACGACA, probe FAM-AACCCCATCAC- 
CATCTTCCAGCAGCCACA-TAMRA. All analyses were replicated 
with at least two independent source materials. 

Tissues were processed for hi situ hybridization (25) and * w P-uridine 
triphosphate-labeled RNA probes were generated by methods previ- 
ously described (26). Sense and antisense probes were synthesized from 
a cDNA fragment corresponding to the first 509 nucleotides. 

Recombinan t protein production 

The nucleotide sequence corresponding to the mature mEG-VEGF 
peptide was cloned into the pSecTag2/Hygro myc-epiptope/his6 vector 
(Invitrogen, San Diego, CA). This construct was sequence verified 'and 
subsequently transfected using Effectene (QIAGEN, Valencia, CA) into 
293T cells plated on poly u-ly sine-coated plates. After an overnight 
incubation, growth media were replaced with DMEM supplemented 
with 0.2% BSA (Sigma, St. Louis, MO). Media were collected over the 
following 4 d, and recombinant protein was purified via its myc tag with 
antibody-coupled resin. Recombinant human EG-VEGF, a his-tagged 
baculovirus-produced protein previously described (12), and recombi- 
nant Escherichia coli-p roduced VEGF (Genentech, Inc.) were also used in 
cell assays. 

Endothelial cell isolation 

Livers were perfused in a retrograde fashion according to a previ- 
ously described procedure (27) with Hanks' buffered saline [Hanks' 
balanced salt solution (HBSS) without calcium and magnesium] sup- 
plemented with 2 mM EDTA. After 5 min, livers were perfused with 0.5%. 
collagenase type IV (Sigma) in complete HBSS for an additional 10-12 
min. Tissues and cells were subsequently processed as previously de- 
scribed (28). Briefly, tissue was minced and passed through 40-/jim cell 
strainers, and hepatocytes were depleted with two low-speed centrif- 
ugations. The remaining nonparenchymal cells were washed and incu- 
bated on ice with 1 /ug of biotinylated antimouse CD31 (MEC 13.3) 
(PharMingen, San Diego, CA) for every 10* cells. Subsequently, the cells 
were washed and incubated with streptavid in-coupled paramagnetic 
beads (Miltenyi Biotec, Auburn, GA) and applied to an LS-r- column in 
the Vario magnetic-activated cell sorting magnet. The identity and pu- 
rity (>98%) of endothelial cells was verified by fluorescence-activated 
cell sorting analysis for CD31, C034 (PharMingen), and Flk-1 (Genen- 
tech, Inc.), and uptake of l,r-dioctadecyl-3,3,3',3'-tetramethylindo- 
carbocyanine perch lorate-labeled acetylated low-density lipoprotein 
(Biomedical Technologies Inc., Stoughton, MA; Ref. 28). The purified 
endothelial cells were immediately processed for RNA isolation or 
plated in 6-well or 24-well dishes, previously coated with a 0.002% 
solution of fibronectin, in CSC medium with serum and growth factors 
(Cell Systems, Kirkland, CA) and supplemented with an additional 5 
ng/ml recombinant VEGF. Cells were passaged, four donor samples 
were pooled, and 1-3 x 10* cells were plated in each well of a duplicate 
6-well dish for assays. Kidney endothelial cell preparations were ob- 
tained using the same reagents as described above. Briefly, the mouse 
was perfused through the left ventricle with HBSS EDTA and HBSS with 
collagenase as with the liver. Kidneys were removed and incubated for 
an additional 5-10 min to enhance digestion before proceeding with the 
above protocol. The endothelial cell-depleted fraction in the flow- 
through of the column was also collected. RNA was prepared imme- 
diately after cell isolation. 

Growth and survival assays 

For proliferation assays, passage-1 LSEC were starved overnight in 0.1 % 
BSA and 0.2% fetal calf\serum (FCS). The following morning, VEGF (10 
ng/ml), mEG-VEGF, or hEG-VEGF (10 n\i each) was added. Ten hours 
later, 1 juCi/ml 3 H-thymidine was added, and the incubation was contin- 
ued for an additional 24 h. At the end of the assay, cells were rinsed twice 
with cold PBS, fixed in 10% trichloracetic acid, washed with water, and then 
lysed in 400 fi\ of 0.2 n NaOH. This lysate was evaluated in. a Beckman 
(Fullerton, CA) LS5000TD Liquid Scintillation System. The experiments 
were replicated with three independent preparations of primary LSEC 
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cultures. A representative experiment is shown, and error bar* represent sa 
Proliferation assays with bovine adrenal cortex capillary endothelial (ACE) 
cells were performed as previously described (29). 

To assess cell survival activity, passage- 1 LSEC cultures were incu- 
bated for 48 h in basic media without growth factors supplemented with 
0.2% FCS, plus or minus 10 ng/rnl VECF, 10 nM mEG-VKGF, or 10 iim 
hEG-VECF. Media containing the full complement of serum (10% FCS), 
without additional growth factors, were used for positive control. After 
48 h, cells were harvested, fixed in 70% ethanol, and incubated at 4 C for 
at least 4 h with propidium iodide. The cell cycle distribution was 
assessed by fluorescence-activated cell sorting analysis. The sub-Gl 
population represented apoptotic cells and was determined using the 
Mcycle program. A representative experiment of duplicate samples is 
shown. Error bar> represent so. 

Immunobloiting 

Passage-! primary LSEC cultures were starved overnight in media 
containing only 0.1% BSA and 0.2% FCS. The following morning, media 
were replaced with that containing only BSA for an additional 90 min. 
A total of 10 ng/ml VECF, 20 nM EG-VEGF, or 20 n\i hEG-VECF was 
added, and incubations proceeded for 10 (ERK) or 15 (Akt) minutes 
before cells were quickly rinsed twice in cold PBS and lysed in 0.6 ml 
RIPA buffer (150 mm NaCI, 1% Nonidet P-40, 0,5% sodium orthovana- 
date, 50 itim Tris, pH 8.0) containing a protease inhibitor mixture (Roche, 
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Indianapolis, IN; MB 1836145) and phosphatase inhibitor cocktail (Sig- 
ma). Immunoblotting for phosphorylated ERK and Akt were performed 
as previously described (30). These experiments were performed with 
three independent preparations of primary LSEC. 

Results 

Mouse EG-VEGF cDNA 

Ten cDNA clones were isolated from a mouse kidney 
cDNA library and sequenced. Although the 3' end of the 
cDNA corresponding to nucleotides 172-417 (Fig. 1 A) and a 
long 3' untranslated region was intact, the 5' end of all clones 
isolated exhibited a high degree of heterogeneity., with the 
5'-most sequence apparently derived from sequences within 
the first intron. A genomic fragment, identified from the 
mouse Svl29J BAC library at Research Genetics, Inc., was 
isolated and sequenced in its entirety. Clearly, exon 1 was 
present, encoding the predicted signal peptide and first five 
amino acids (aa) of the mature protein. A probe correspond- 
ing to the exon 1 sequence was amplified and used to screen 
a mouse tissue mRNA Northern blot. This fragment hybrid- 


GAAGTGAGGGGTACCAAAGTAGACTGTGTTTGTCGTCACCTCAAGTGATC 

ATGAGAGGCGCTGTGCATATCTTCATCATGCTCCTTCTAGCAACGGCGTC 
MRGAVHIFIMLLLATAS 

CGACTGTGCGGTCATCACAGGGGCCTGTGAACGAGATATCCAGTGTGGGG 
_D C AVITGACERDIQCGA 

CCGGCACCTGCTGCGCTATCAGTCTGTGGCTGCGGGGCCTGCGGTTGTGT 
G TCCAISLWLRGLRLC 

ACCCCACTGGGGCGTGAAGGAGAGGAGTGCCACCCAGGAAGCCACAAGAT 
TPLGREGEECHPGSHKI 


Fin. 1. The sequence of mEG-VEGF 
cDNA and predicted amino acid se- 
quences are highly homologous to the 
human sequences. The predicted amino 
acid sequence of mEG-VEGF is shown 
with the corresponding, nucleotide se- 
quence of the cDNA isolated from a kid- 
ney library (A). B, Comparison of hEG- 
VEGF and mEG-VEGF amino acid 
sequences revealed 88% identity and 
93% homology in the predicted mature 
protein. The signal peptides are 73% 
homologous. 


CCCCTTCTTGAGGAAACGCCAACACCATACCTGTCCCTGCTCACCCAGCC 
PFLRKRQHHTCPCS PSL 

TGCTGTGCTCCAGGTTCCCGGACGGCAGGTACCGCTGCTTCCGGGACTTG 
LCSRFPDGRYRCFRDL 

AAGAATGCCAACTTTTAGTTTGTCTGGACTCTGTCTGGAGCCTGACTGGG 
K N A N F * 

TGACCTCTTGCTTTACACCTGTGTGATTTAGCTCCCTGCAACTTCGCCAT 
TCCCCATCTTGTCCGTGTATGTGCAGACAGGCAGACCTTCCGCTATGGAA 
TAGTTCACCAGGGTGCAGAGAGGAGTTCGTGGCCTTGAGAAGTTGGCCAG 
CCCGACCTTCCTGGCTCAGACTGCCTGAAGTTGTGACAGTGTGGGCCTTC 
TCAGTTGCCTGCCCCTTCCTGCATGTGCGCTTCTTCCTAAACCACACCTT 
TCTGGGCACTGGCCCATGGATGCACCACTAAATCAACAGGTCTGTGGGGT 
GGATGATCAACTTTCTCTCCATTTTTCTTTTATTGACTGGCTTCCTAATT 
TAAGGACTGT .... 


B 


MRGATRVSIMLLLVTVSDCAVITGACERDVQCGAGTCCAISLWLRGLRMC 50 hEG-VEGF 
MRGAVHTFIMLLLATASDC^VITGACERDIQCGAGTCCAISLWLRGLRriC mEG-VEGF 


TPLGREGEECHPGSHKVPFFRKRKHHTCPCLPNLLCSRFPDGRYRCSMDL 100 
TPLGREGEECHPGSHKI PFLRKRQHHTCPCSPSLLCSRFPDGRYRCFRDL 


KNINF 105 
KNANF 
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ized a single band, corresponding to that hybridized by the 
incomplete cDN A clone, indicating that the sequences within 
this exon were coding for transcript. To further verify this 
conclusion, RT-PCR with a forward primer derived from 
exon 1 sequence revealed the expected product from kidney, 
liver, or d-7 embryo total RNA (see the supplemental data, 
published on The Endocrine Society's Journals Online web 
site at http://endo.endojournals.org). This product was not 
obtained using RNA samples from ovary and testis, consis- 
tent with little or no EG-VEGF mRNA expression in these 
tissues. The cDNA sequence of m EG-VEGF encodes a pre- 
dicted peptide of 105 residues (Fig. 1). A well defined signal 
peptide of 19 a a is present, and therefore the mature m EG- 
VEGF protein is predicted to be 86 aa in length with a mo- 
lecular mass of approximately 9 kDa. The mature mouse 
peptide is 88% identical and 93% homologous to the human 
protein. The signal sequences are also 73% conserved. Like 
the human molecule, we predict m EG-VEGF adopts a co- 
lipase fold (17), given that the span of the 10-cysteine residues 
conforms to the related snake peptide, the nuclear magnetic 
resonance structure of which was solved (31). 

Gene structure 

tuEG-VEGF maps to a region of chromosome 3 syntenic 
with human chromosome 1 pi 3.1, the locus for hEG-VEGF, 
providing further evidence that these genes are orthologs. 
Based on Southern hybridization to the mouse cDNA probe, 
two Hind\\\ fragments were cloned from mouse BAC library 
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DNA preparations. One of the HindlU genomic fragments 
was 11 kb in length and contained more than 5 kb of pro- 
moter sequence and the first two exons. The second subclone 
included the exon 3 coding region and a long 3* UTR. The 
intron/exon borders of the human and mouse genes are 
absolutely conserved. Exon 1 encodes the 19 aa of the signal 
peptide and the first 5 residues of the mature protein (Fig. 2). 
The 6-aa changes within this exon are restricted to the coding 
sequence for the secretion signal. Exon 2 encodes 42 a a, 
including 6 of the 10 cysteines that are structural determi- 
nants of the colipasc motif. Exon 3 encodes the remaining 39 
aa, including 4 cysteines. Relative to human, 8 a a vary in this 
exon, and 3 of these represent conservative changes. 

The first -2500 nt of the mEG-VEGF promoter are illustrated 
in Fig. 3A. The most striking feature is the presence of a TATA 
element that is not present in the human sequence. We exanv 
ined the first -5000 nt of the human and mEG-VEGF promoters 
for regions of conservation. In this sequence, 3 discrete blocks 
of identity (80, 86, and 100%) represent only 262 nt of 5000, or 
5.2°/) (Fig. 3, A and B). Given the very distinct expression of 
human EG-VEGF by steroidogenic tissues, we searched for 
steroid response elements within these — 5000-nt regions. We 
identified a consensus steroidogenic factor (SF)-l or NR5A1. (32) 
binding site at -1327 of the human, and not within the mouse, 
promoter. NR5A1 is an orphan nuclear receptor that regulates 
multiple target genes involved in gonadal and adrenal deter- 
mination and development, steroidogenesis, and reproduction. 
NR5A1 binds to target promoters as a monomer and recognizes 


1 ATGAGAGGTGCdACGCGAGTCTCAkTCATGCTCCTCCTfi GTA ACt)gt3tCTGACTGTGCTGTGATCACAGGG human 


ATGAGAGGCGCT GTGCATATCTTC ft/TCATGCTCCTCCTfi GC.fi ACC GCC TCCGACTGTGCGGTGATCACAGGG mouse 


GCCTGTGAGCGGGAT GTC CAGTGTGGGGCAGGCACCTGCTGTGCCATCAGCCTGTGGCTTCGAGGGCTGCGGATG TGC ACCCCGCTGGGGCGGGAAGGCG 


A C E R D 


CGAGTCCAISLWLRGLRM 


GCCTGTGAACGAGAT ATC CAGTGTGGGGCCGGCACCTGCTGCGCTATCAGTCTGTGGCTGCGGGGCCTGCGGTTG TGT ACCCCACTGGGGCGTGAAGGAG 


R E 


AGGAGTGCCACCCCGGCAGCCACAAG 
ECHPGSHK 


AGGAGTGCCACCCAGGAAGCCACAAG 


GTqCCCTTqTTC AG G AAACG qAAG 
R K R 


CACCACACCTGTCCTTGC TTC CCC AAC CTGCTGTGCTCCAGGTTCCCGGACGGCAGGTACCGCTGCTCC ATGGAC T 


H H T C P 


L 
S 


N 
S 


G R 


M 
F 


ATC CCCTTC TTG AGGAAACGC CAA CACCACACCTGTCCTTGC TCP CCC AGC CTGCTGTGCTCCAGGTTCCCGGACGGCAGGTACCGCTGCTTC CGGGAC T 


TGAAGAAC ATC \ATTTTTAG 


K N 
TGAAGAA1 


I ft F O 
A 

GCCkACTTTTAG 


Fig. 2. The genomic structures of human and mouse EG- VEGF are conserved. Alignment of the intron/exon boundaries of the human and mouse 
genomic sequences revealed the highly conserved organization. Exon I contains the coding sequences for the signal peptide and the first 5 aa 
of the mature protein. Exon 2 encodes 6 of 10 cysteines and 42 residues in total, and exon 3 the remaining 49 aa. Differences in nucleotide 
sequence between mouse and human are boxed. 
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mouse promoter region 

-3235 ( TAAAAAT -"A -.ilYASAAirn AGV5AA) ... 

TCTCAGAAGG GAACCCATTT TTTTCAGCAT TCCCATCGTC ATTTCCCACA 
GCCTTTGAAT CCT7GAGGTG ATGCCAGTTT AGTTCCCCTG TCACCTTTCA 
TGGTGCATTT GATCCTGTGC CCAGCAGCTC CCGGTCTTGT CACAGGGGAG 
CAGCCCTTCC GTAAGCTCCC AGGGTCTCTT CTGTGAGTGC CAGTCACCAC 
GCTAAGAGCA AGGAGACTCG TTCAGCCAAT ACCACTGCTT TATAAGATTT 
GAGGGTGGTG GGATCTGGAG GCCCTTAGAA CACTGGGGCT CTGAGGATTA 
GTGTGTCTGC CTGTGGGGCT CTGGCTCTAG GCCCGAGGTC CAGGTCCACA 
AACCCCATTT TTACAAAATG CTTTGAGAAA AATGGCATCG TCiGTTGAATC 
ACCATGAAAA GACCCTAGAA AACTCTCCAG AAAGAAACTC GTTAGGTTGC 
ACCTCTTCTC TGAAGTCC'JT GAGTGTCCCA GGTTTGAGGG TCTCCCCCCC 
AGTCTAAACT TGAATTCTGT CTGTTTCATG ATCA7CTTAT ACACATACCT 
TCTACTGTGT AGAATTTTGG ATGGGTCACA TTATGTCAGA AAGTTCTCTA 
AATTAGCATA CTAGAAAACA TTCCTTGGAA AACACTAGTT TTTATTATTG 
GAAGGCTGGA GGGCTTCCCT CCAGCAAGAA GGGCTATGCA CAC5TGTCACC 
GCTCACACCA TAC7ACAGAA GATCACCAGC ATGGCCCGAG TCCACTTCTC 
CCTCCTGGTA AATGGTCCAG GGGCATTTAC TGCTTGTATT AGGTACCTTG 
ATCATGACAG GGAGATCAAG GCTGCAGGAA TAGCAGAGGC AGGTAGGATT 
TTTTTCACTA GTTTGTGCCC GTAGCTCATG GTATGATGAT GCTCACAGCC 
ACCTATCCAG AGGTGTGTTG CCATAGGAAT TCTGAATCCA ATCAATTAGA 
CAGCCTCACC TGTGTATCTG TGAGAAGCAT CAACACCACA GATGCAGTGT 

CA 

GCTGCATGGT TCAGTGTGGG CGAGGAGAAA AAAAAATCAA. TGTTCCAAAT 
ATGCAGAGAT GGAAATGGAT ATCAAGTGAA TTGCA3GCAA CTGTTTGAAG 

TGGC jTATA| rA AATCCGAACG 


-2500 TC TATTAAAGGT TTGCTCAGCA CACCTCCACC AGCTTGATCC 
CGTTCCCAAA CTTGCTTCTC AACTTACTTC ACCTCCATCT TCATCTTTTT 

CTCTGCATCT GCCACAAAGC CACCCTGACT GTGCCAAGAG GGCTTTTTCT 

GGTCACAGTG AATGCTTGCT TAATTGAGTT TCTGAAGAAT GGAGCAATGT 

CGGCTGTCAC ■ GCCCAGTTCA TTAAGCTAGC TTTTCTTTCA AGCACCGGCA 

CCTGGT7ACA GTTTCCTCGT GGTAATTGTG TGTTCTGGGA AGGAGCTATG 

GCAATATTCC CAAAGTCATG ACGCCAGCGA GAAGTCTGGT TCAGAAGTCA 

GGGACC77CC TCTCACTGTT CACGGATGGC TGCTGACGTC TGCAGGCGAG 

TGTTTGAATA ATACCACAGG TTCTGTHTCC CACTTGCTGC TTGCTGTCAC 

TGTACTCGGT GTTCCCCAAA TCTCTGTCCA TGTAATACTG TAGACTGAAT 

CAAATCTGAA TA'JTTGCATG TACACAATGG TACATCTTAG ATCAGCTTTA 

AAAGGCAGTT TTCTATAGCA TTTTAAGTAG TTTTGTC5CAT GCAACAAGGT 

CTTTGGAGAC GTCTAGATTT TAGAGTTTTQ GGTTGGAGAT GCTCATCCTG 

TAGAGAGAAG ATGGA'I"GGCC CAATACAGGA TCCATCAGGT ATGTAGTAGA 

TTCTCATGAG CCCACTGTCT GTGTCTGCTT CiGGGATAAGG CCCCTCCCAT 

TGCAGGAGCT GCCAGGGTGG AGCCTGAG^G CGTTCTTATC TTCAGTTCCT 

TCATTGTTAG CAAAGGCTTA ATTCTCATTC ACAGACTGAG TGTCCAGCCC 

GTATCTGTAG CCTGGAGTGG GGAGATGACT GACTGGTGGG ACTGAGCGAC 

ATGGTGSATC TTTCTGCCTC AATTTCTTT7 TGCTGGAAAT ACCCTCATAG 

CA'i'CAAAGAC TAACCGGCTC ACAGGCGC77 GTCCAGAGCT TATTAGAGAG 

CTGTCTCCAT ATTGGGAATT TTAACCTTTA AAG7TCAGCA ACAG 

CTCACATAA7 GCTTAATAGC; TTGAGTATGA GAATATAAAC ACTCtTCTA": 

CTCTTAA^TC ATCACTAAAG TTATCCTCC7 GGCCCAAGCA GGAAAGAATG 

7GTGGTAC * " ' . 

AGGTCGGG7A GGACAGCTTG GCC7TCTCGG CTTGTC7AGC 
-1 > 


human 


B 

200 bp NR5A1 

I ? 1 a ? I 

-5000 I -4000 -3000 -2000 -1000 | 

100% 86% 80% 

2 I 2_2 |_ 

I A A A A A | 

Fie. 3. The human and mouse EG-VEGF promoter sequences are divergent. A, Illustrated is -2.5 kb of the mouse promoter sequence. The 
-1 position is indicated with the start of transcription, the TATA element is boxed, and the sequence in red accounts for blocks of hi^h 
conservation with the human promoter. B, Comparison of the -5.0-kb region of human and mouse promoters is presented. The three blocks 
of 80-100% conservation are illustrated. A unique NR5A1/SF-1 site (arrow) in the human promoter potentially localizes expression to 
steroidogenic cells. Importantly, this sequence is not conserved between the human and mouse promoters. The location of putative hypoxia 
response elements (circles) and C/EBP consensus sites (arrowheads) are illustrated. 


an extended half-site motif designated PyCA AGGTCA. The 
corresponding sequence in the human promoter is TCA AG- 
GTCA (Fig. 3B). CCAAT enhancer binding proteins. (C/EBPs) 
are a family of liver-enriched transcription factors (33, 34). 
Within the mouse promoter, we identified five C/EBP binding 
sites (-3037, -2891, -2033, -1189, and -621 nt). One site is 
present in the human promoter (-393). Several molecules, in- 
cluding angiogenic factors, are induced by low oxygen tension 
via the hypoxia-inducible factor, HIF-lor (35). Based on the 
consensus sequence, TA CGTG CGGC (bold sequence invari- 
able), putative hypoxia regulatory elements are located at 
-4052, -1773, -1263, and -811 in the human promoter and at 
-4651, -4690, -201.4, and -1743 in the mouse. Apparently, the 
divergence of promoter sequence between human and mouse 
accounts for the selective and unique expression patterns. 

Expression profile of mEG-VEGF mRNA: comparison with 
Bu8 and VEGF-A 

Northern blot analysis of mRNA from a variety of mouse 
tissues indicated that a single transcript of approximately 3.5 


kb was restricted to kidney and liver (Fig. 4A"). This size is 
considerably larger that the human transcript (1.4 kb), due to 
a longer 3' untranslated region (data not shown). In agree- 
ment with these data, kidney and liver express relatively 
high levels of EG-VEGF transcript as assessed by Taqman 
analysis. Very low levels of mEG-VEGF are expressed in lung 
and testis, and the transcript is essentially undetectable in the 
ovary (Fig. 4B). The highest expression is detected in RNA 
samples from embryonic d 7 (Fig. 4B). Notably, d 7 encom- 
passes the period of gastrulation, which gives rise to the 
mesoderm. We also examined the expression the EG-VEGF 
homolog, Bv8, in the same RNA samples. Bv8 expression was 
detected in testis, prostate, and ovary, suggesting that in the 
rodent, Bv8 may, at least in part, assume functions we pro- 
posed for human EG-VEGF within these tissue contexts 
(Fig. 4C; Ref. 22). The expression pattern of VEGF-A was also 
determined. VEGF was widely distributed, with' highest 
levels i.n kidney, liver, ovary, and prostate, and a weaker 
signal in lung, heart, brain, and embryonic d 7 embryo sam- 
ples (Fig. 4D). 
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Fig. 4. The predominant sites of mouse EG-VEGF expression are liver and kidney. Northern blot analysis of poly adenosine-selectcd mouse 
RNA revealed a single band at approximately 3,5 kb in liver and kidney samples (A). Lane contents and relative transcript size (kb) arc indicated. 
B, Taqman analysis of an extended panel of mouse tissue RNA samples revealed that, in addition to high levels of transcript in liver and kidney. 
mEG-VEGF is highly expressed in the d-7 embryo {broken bar, value is indicated). Low levels were detected in lung, testis, older embryos, and 
ovary. The relative transcript levels of the related peptide, mBv8 (C), and mVEGF-A (D) were also determined in these samples. mBvS appears 
to have a fundamentally nonoverlapping pattern of expression compared with mEG-VEGF. Tissues expressing mBv8 transcript include testis, 
prostate, and ovary, as well as d-15 embryos. The highest relative levels of VEGF-A transcript are found within kidney, liver, ovary, and prostate, 
partially overlapping the mEG-VEGF and Bv8 expression patterns. 


Localization of mEG-VEGF mRN A by in situ hybridization 

We performed in situ hybridization studies using a panel 
of mouse tissues that included embryo, brain, liver, kidney, 
lung, pancreas, spleen, large and small intestine, lymph 
node, prostate, testis, and adrenal gland. In agreement with 
the Northern and Taqman analysis, specific signal was de- 
tected only in liver and kidney. In the d-18 embryo, the fetal 
liver expresses a very high level of EG-VEGF transcript, with 
signal restricted to hepatocytes (Fig. 5, A-C). In the adult 
liver, this signal is reduced (data not shown). In the adult 
kidney, the specific hybridization signal is restricted to the 
epithelial tubule cells, with no signal present in the glomeruli 
(Fig. 5, D and E). 


Tissue distribution, of mEG-VEGF receptors 

We wished to evaluate the expression of the two EG-VEGF 
receptors, R-l and R-2, in a variety of tissues. Taqman anal- 
ysis revealed a partially overlapping distribution of these 
receptors. R-l expression was predominantly in samples 
from prostate, ovary, testis, and d-15 embryo. As illustrated 
in Fig. 6, R-2 was detected in a broader pattern, being highest 
in brain, prostate, d-7 embryo, liver, ovary, testis, and kidney. 

Expression of EG-VEGF receptors in endothelial cells from 
liver and. kidney 

RNA was prepared from total liver or total kidney and also 
from distinct preparations of hepatocytes, purified LSEC, 
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FlG. 5. mEG-VEGF mRNA expression is restricted to hepatocytes and tubule cells in the kidney. In situ hybridization analyses revealed that 
in the fetal mouse liver, EG-VEGF is restricted to and highly expressed in hepatocytes. Note the signal associated with the parenchyma cells 
in the bright-field images (A and B, inset at higher magnification ) and the companion dark-field image (C). Note the absence of signal in the 
adjacent fetal adrenal gland (Ad) and section of kidney (Kdj. In the adult kidney, the hybridization signal is associated with the tubule (Tb) 
cells as illustrated in the bright- and dark-field images (D and E) and not the glomeruli (Gl). Lack of specific hybridization signal of the control 
sense probe is shown for kidney sections (F and G). Magnification is indicated. 


and endothelial cell-depleted and purified endothelial cells 
from kidney, as described in Materials and Methods. These 
samples were submitted to Taqman analysis for the ligand 
and the putative receptors. In agreement with the in situ 
hybridization data, the mEG-VEGF transcript is expressed in 
the hepatocyte fraction (Fig. 6F3) or the endothelial cell- 
depleted kidney fraction (Fig. 6D), whereas it is almost tin- 
detectable in purified endothelial cells from both organs. 
Conversely, the expression of EG-VEGFR-2 was associated 
with the purified LSEC or endothelial cells from kidney (Fig. 
6, C and E). EG-VEGFR-1 expression was undetectable in 
these samples. 

mEG-VEGF is a mitogen and survival factor for 
endothelial cells 

Previously, we have reported that hEG-VEGF displays 
mitotic and prosurvival activity toward target ACE cells (30). 
We confirmed that mEG-VEGF also induced proliferation of 
ACE cells (Fig. 7A). Therefore, we sought to test whether the 
mouse ortholog was also capable of such activity using the 
presumably physiologically relevant target cell in our bio- 
assays. Proliferation experiments were performed using pri- 
mary LSEC. 3 H-Thymidine incorporation assays revealed' 
that, like VEGF (2.70-fold increase in thymidine incorpora- 
tion), either recombinant mEG-VEGF (2.1 -fold induction) or 
hEG-VEGF (1.94-fold) stimulated proliferation of the LSEC 
cultures (Fig. 7B). Consistent with this activity, addition of 
VEGF, mEG-VEGF, or hEG-VEGF to LSEC cultures resulted 
in a robust phosphorylation of MAPK ERK-1 /2 within 10 
min of ligand addition (Fig. 7C). A second activity we have 


previously ascribed to hEG-VEGF is the ability to act as a 
survival factor for ACE cells (30). The ability of mEG-VEGF 
to promote survival of LSECs was assessed by determining 
the fraction of apoptotic cells following a 48-h incubation in 
0.2% FCS with or without exogenous ligand. LSEC cultures 
incubated in ff.2% FCS-containing media reproducibly ex- 
hibited 30 t 5.5% apoptotic cells (Fig. 7D). Addition of 10 
ng/ml VEGF inhibited the cell death, significantly reducing 
the percentage of apoptotic cells to 8 ± 2.7%; 10 iim mEG- 
VEGF reduced cell death to 10 ± 4%; and hEG-VEGF was 
equivalent to the mouse ligand in these assays, 13.4 ± 2.2% 
apoptotic cells. Activation of the survival, phosphatidylino- 
sitol-3 kinase/Akt intracellular signaling pathway was as- 
sessed with an Akt phosphorylation specific antibody. 
Within 15 min of stimulation with VEGF or EG-VEGF, there 
was a marked increase in the level of phosphorylated Akt 
(Fig. 7E). Based on these findings, we- conclude that mEG- 
VEGF is a mitogen and survival factor for endothelial cells. 

Discussion 

We describe herein the cloning of the mouse EG-VEGF 
cDNA and genomic locus and the mRNA tissue distribution. 
Our interest in this molecule stems from our identification of 
hEG-VEGF as an angiogenic factor with selective activity. 
Given the power of mouse molecular genetics, we sought to 
establish the reagents to further examine the biology and in 
vivo functions of the mouse ortholog to gain further insight 
into the biology of EG-VEGF. The mouse EG-VEGF gene 
encodes a mature 86- residue peptide that is 88% identical 
and 93% homologous to the human protein. The gene strtic- 
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FlG. 6. Distribution of EG-VEGFR-1 (Rl) and EG-VEGFR-2 (R2) 
niRNA in various tissues and selective expression of R2 mRNA in LSEC 
and kidney endothelial cells. A, Taqman analysis for EG-VEGF recep- 
tors was examined in a panel of mouse tissues and staged embryos. R-l 
transcripts were detected in ovary, prostate, and testis and also at em- 
bryonic d 15. EG-VEGFR-2 is highly expressed in brain and prostate and 
throughout the period of embryonic development at d 7-15. The R-2 
transcript is also expressed in liver, kidney, ovary, testis, and heart. B 
and C, The mEG-VEGF transcript is associated with the purified he- 
patocyte fraction, whereas expression of the receptor, EG-VEGFR-2, is 
restricted to the LSEC fraction. D and E, Transcript for the ligand is 
highest in the total kidney or endothelial-cel) depleted kidney prepara- 
tions, but the EG-VEGFR-2 mRNA is highest in kidney endothelial cells. 
Representative experiments are shown. 


ture is also conserved between man and mouse. The pre- 
dominant sites of mEG-VEGF expression are the liver and 
kidney. We determined that EG-VEGF stimulated prolifer- 
ation and survival of primary LSEC. Furthermore, we de- 
tected EG-VEGFR-2 expression in endothelial cells, but not 
in other cell types, within liver and kidney. This finding is in 
agreement with recent in situ hybridization studies showing 
that, in the mouse testis, EG-VEGF receptors are localized to 
vascular endothelial cells (22). Therefore, similar to VEGF 
and its receptors (36), the EG-VEGF/ EG- VEGFR system ap- 
pears to function in a paracrine fashion, as the ligand is 
produced by nonendothelial cells and the receptors are se- 
lectively expressed in the vascular endothelium. 

Interestingly, the ultrastructural features of capillary en- 
dothelial cells within the liver (37) and kidney are similar to 
those of the endocrine glands (38). Hence, we propose that, 
similar to hEG-VEGF, mEG-VEGF may influence the phe- 
notype and growth properties of endothelial cells in distinct 
tissue compartments enriched in fenestrated endothelium. 

Of particular interest is the difference in expression pattern 
between mouse and human, in which it is largely restricted 
to steroidogenic cells within ovary, testis, adrenal, and pla- 
centa (12). In the human and primate ovary, a seemingly 
dynamic EG-VEGF expression pattern led to the proposal 
that angiogenesis in the developing follicle and corpus lu- 
teum may be coordinated by the complementary activities of 
EG-VEGF and VEGF (39). Why this difference in expression 
pattern between mouse and human? A comparison of the 
human and mouse promoters revealed little conservation. 
Strikingly, a perfect consensus site for NR5A1 (also SF-1) 
binding (32) is present in the hEG-VEGF but not mEG-VEGF 
promoter sequence. NR5A1, an orphan nuclear receptor, is 
considered a key regulator of endocrine development and 
function. This transcription factor was originally identified 
based upon its ability to interact with a promoter element in 
genes encoding the cytochrome P450 hydroxylases (40, 41) 
and its restricted expression in adrenal cortical cells, testic- 
ular Leydig, ovarian theca, and granulosa cells (42) and pla- 
centa (40). Gene-targeting sttidies revealed a critical role for 
SF-1/NR5A1 in adrenal and gonad development (43, 44). In 
the adult ovary, NR5A1 protein expression is recognized at 
the onset of follicular development and is strongly induced 
within antral follicles in theca and granulosa cells (45). The 
parallels between the known expression and activity of 
NR5A1 and the expression profile of hEG-VEGF leads us to 
propose that NR5A1 may be potentially important in regu- 
lating transcription of the human EG-VEGF gene. Site- 
directed mutagenesis of this element within the human EG- 
VEGF promoter will be required to verify this hypothesis. 
Likewise, verification of the role of other putative regulatory 
elements, C/EBP and hypoxia response element, identified 
in the mouse promoter requires a mutagenesis-based anal- 
ysis. Although a homolog of NR5A1, NR5A2/LRH-1 (46), is 
expressed in the liver, the mouse gene promoter does not 
include the canonical target sequence for this factor. 

Although the mouse or rat is a commonly used model, 
there arc major differences in ovarian physiology between 
rodents and humans, or the higher primates. In humans and 
other primates, a single follicle, referred to as the dominant 
follicle, is typically selected from the cohort that enters the 
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FiG. 7. Mouse EG- VEGF is an endothelial cell mitogen and survival factor. A, mEG-VEGF and hEG-VEGF induced comparable increases in 
ACE cell number. B, mEG-VEGF, hEG-VEGF, or VEGF induced a significant increase in a H -thymidine incorporation in LSEC cultures. C, 
mEG-EGF, hEG-VEGF, and VEGF all induced comparable levels of phosphorylation of ERK1 and -2 proteins in LSEC cultures after a 10-min 
stimulation. The immunoblot for total ERK1/2 proteins is presented as loading control. D, mEG-VEGF, hEG-VEGF, or VEGF markedly inhibited 
LSEC apoptosis induced by low serum conditions. Ten percent FCS served as positive control for cell survival. E. Phosphorylation of the 
prosurvival Akt signaling molecule increased after a 15-min stimulation with VEGF, mEG-VEGF. or hEG-VEGF. Total Akt protein levels were 
analyzed in the lower panel for loading control. 


follicular cycle (47, 48). In these and other monovular species, 
this single follicle deviates from the others, establishes dom- 
inance, and it alone may be competent to achieve ovulation. 
The development of a more elaborate capillary network is 
expected to provide a growth and survival advantage to the 
dominant follicle (49). Further studies are required to deter- 


mine whether EG-VEGF plays a role in this process. We 
recently found that, whereas EG-VEGF mRNA expression is 
not detectable in early-stage human corpus luteum, it is 
up-regulated during mid through early late luteal phase, at 
a time when VEGF expression is much reduced or unde- 
tectable (50). Perhaps a greater length of the ovarian cycle 
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(28 d in humans vs. 4 d in mice and rats) requires a more 
complex regulation of growth and maintenance of the vas- 
cular endothelium during follicular and luteal phases. It is 
tempting to speculate that EG-VEGF represents one growth 
factor component that contributes to these evolutionary 
changes. Interestingly, human EG-VEGF is highly expressed 
in the polycystic ovary syndrome (50), a leading cause of 
infertility associated with hyperplasia of ovarian stroma and 
angiogenesis (51). This disorder occurs in humans but not in 
rodents. It will be interesting to determine when, on an 
evolutionary scale, EG-VEGF expression first became asso- 
ciated with the ovary and other steroidogenic tissues. 

The fact that EG-VEGF and Bv8 appear to bind and acti- 
vate EG-VEGFR-1 or EG-VEGFR-2 equivalents and have 
indistinguishable biological effects (22, 24) raises the possi- 
bility that, in the mouse, Bv8 may serve at least some of the 
functions previously proposed for hEG-VEGF. In the mouse, 
Bv8 is expressed in testis, prostate, and at lower but still 
significant levels in the ovary. Thus, m EG-VEGF and mBv8 
appear to exhibit nonoverlapping tissue distributions, indi- 
cating that the two peptides may potentially have related 
functions in their distinct/ unique contexts. The distribution 
of the EG-VEGF receptors supports this possibility (23, 24). 
Mouse R-2 has a broader spectrum of expression than R-1, 
although the two receptors appear to be almost equally ex- 
pressed in ovary, testis, as well as prostate. Potentially, ex- 
periments in genetically modified mice may further test hy- 
potheses regarding the role of the EG-VEGF ligand/ receptor 
system in endothelial cell biology, in addition to identifying 
distinct functions in other cell and tissue contexts. 
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